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CD8a+ dendritic cells (DCs) prime cytotoxic T
lymphocytes during viral infections and produce
interleukin-12 in response to pathogens. Although
the lossofCD8a+DCs inBatf3/mice increases their
susceptibility to several pathogens,weobserved that
Batf3/ mice exhibited enhanced resistance to the
intracellular bacterium Listeria monocytogenes. In
wild-type mice, Listeria organisms, initially located
in the splenic marginal zone, migrated to the periar-
teriolar lymphoid sheath (PALS) where they grew
exponentially and induced widespread lymphocyte
apoptosis. InBatf3/mice, however, Listeria organ-
isms remain trapped in the marginal zone, failed to
traffic into the PALS, and were rapidly cleared by
phagocytes. In addition, Batf3/mice, which lacked
the normal population of hepatic CD103+ peripheral
DCs, also showed protection from liver infection.
These results suggest that Batf3-dependent CD8a+
and CD103+ DCs provide initial cellular entry
points within the reticuloendothelial system by which
Listeria establishes productive infection.
INTRODUCTION
The primary function of dendritic cells (DCs) in the immune
system is the detection of pathogens and the initiation of adap-
tive immune responses directed at antigens derived from those
pathogens. DCs can be divided into two major categories,
plasmacytoid DCs (pDCs) and conventional DCs (cDCs), charac-
terized by mid and high expression of the marker CD11c
(integrin ax), respectively. cDCs capture pathogen-derived anti-
gens, functioning as sensors of pathogen-associated molecular
patterns. On detecting infection, DCs mature and migrate to
local lymphoid tissues to initiate adaptive immune responses236 Immunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc.(Naik, 2008). In lymphoid tissues, cDCs comprise CD8a+ and
CD8a subsets, which have distinct efficiencies of various
antigen-presentation pathways (Shortman and Heath, 2010).
CD8a+ DCs appear more efficient than CD8a DCs in loading
exogenously derived protein antigens onto MHC class I mole-
cules, a pathway called cross-presentation (Schnorrer et al.,
2006), although other evidence indicates that CD8a+ DCs have
a reduced ability to process antigens for MHC class II presenta-
tion (Dudziak et al., 2007; Kamphorst et al., 2010). Immature DCs
are localized in peripheral nonlymphoid tissues, where similar
subdivisions are based on surface molecules independent of
CD8a (Helft et al., 2010).
Various transcription factors have been found to regulate the
development of DC subsets (Geissmann et al., 2010). The tran-
scription factors Irf8, Id2, Nfil3, and Batf3 are all required for
the in vivo development of CD8a+ DCs or peripheral CD103+
DCs (Aliberti et al., 2003; Hacker et al., 2003; Tailor et al.,
2008; Hildner et al., 2008; Ginhoux et al., 2009; Edelson et al.,
2010; Kashiwada et al., 2011). Among these factors, only
Batf3/ mice exhibit a restricted loss of the CD8a+ and periph-
eral CD103+ DC subsets without perturbations in additional cell
lineages (Hildner et al., 2008; Edelson et al., 2010).
CD8a+ DCs are critical for initiating cell-mediated immunity but
are a minority of cDCs. Conceivably, their capacity for cross-
presention alters their phagocytic pathways to create a sus-
ceptibility to infection by intracellular organisms. Splenic
CD8a+ DCs reportedly are rapidly infected after infection with
L. monocytogenes, but their trafficking, eventual fate, and role
in establishing infection remains unclear (Neuenhahn et al.,
2006; Mitchell et al., 2011; Kapadia et al., 2011; Campisi et al.,
2011). A general requirement for CD11c+ cells in establishing
splenic Listeria infection was shown with the use of transgenic
mice expressing CD11c-diphtheria toxin receptor (DTR) (Neuen-
hahn et al., 2006) or CD11c-Cre-Rosa-DTA (Kang et al., 2008).
With the CD11c-DTR model, DC depletion was reported to
havenoeffectonhepaticListeriaburden (Neuenhahnetal., 2006).
The number of CD8a+ DCs correlates with susceptibility to
Listeria infection, as shown by the fact that mice treated with
Flt3 ligand (Flt3L) to expand both CD8a+ and CD8a DCs
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CD8a+ DCs Are Required for Listeria Infectionincreased Listeria burdens in spleen and liver (Alaniz et al., 2004).
Mice with DC-specific loss of Pten, which increases splenic
CD8a+ DCs, also showed increased susceptibility to Listeria
infection (Sathaliyawala et al., 2010). The establishment of
splenic Listeria infection in the periarteriolar lymphoid sheath
(PALS) is sensitive to pertussis toxin, suggesting that infected
CD8a+ DCs must transit from the marginal zone to the PALS in
order to amplify initial infection and produce widespread
apoptotic lesions (Aoshi et al., 2008, 2009; Merrick et al.,
1997). Nonetheless, at present there is no direct demonstration
of the requirement for CD8a+ DCs in establishing Listeria infec-
tion in vivo. Therefore, we used Batf3/ mice to examine the
requirement for this DC subset in innate and adaptive responses
to Listeria infection. Our results demonstrate that Batf3-depen-
dent CD8a+ and CD103+ DCs are essential cellular entry points
for productive Listeria infection, suggesting that intracellular
pathogens may co-opt the cross-presentation pathways of
these DCs for their own advantage.
RESULTS
Resistance of Batf3–/– Mice to Listeria Infection
WT and Batf3/ mice were infected intravenously with
L. moncytogenes (Figure 1A). Batf3/ mice showed dramati-
cally reduced Listeria burdens at all time points, with a reduction
to 1/10 of the CFUs of WT mice at day 1 and 1/1,000 to 1/10,000
of the CFUs by day 3 after infection. These reductions in Listeria
burdens were not the result of diminished initial bacterial uptake
from the blood, as indicated by the fact that spleen and liver
CFUs during the first 3 hr of infection were indistinguishable
(see Figure S1A available online), and organismswere essentially
completely cleared from the blood by 1 hr in both WT and
Batf3/ mice (0–60 CFUs/ml blood after an i.v. inoculum of
1 3 106 organisms). Whereas Listeria grew exponentially in WT
mice during the first 3 days of infection, pathogen burden re-
mained essentially constant in Batf3/ mice, with continued
control through day 7 of infection (Figure S1B). The decreased
pathogen burden seen in Batf3/ mice was reflected in a
substantially reduced mortality at three doses of infection (Fig-
ure 1B). At a dose that caused 80% mortality in WT mice,
Batf3/ mice showed uniform survival and had substantially
reduced histological lesions in spleen and liver compared to
WT mice (Figure 1C).
The lesions within the PALS in WT mice after Listeria infection
represent the apoptotic death of lymphocytes, which contributes
to Listeria susceptibility (Carrero et al., 2006). To test whether an
unanticipated blockade in lymphocyte apoptosis in Batf3/
mice, rather than the absence of CD8a+ DCs, was responsible
for their resistance to Listeria, we compared Listeria infection in
Batf3/Rag2/mice with WT, Batf3, and Rag2 single-deficient
mice (Figure S1C). Rag2/ mice showed a reduced pathogen
burden on day 3 after infection compared to WT mice (Carrero
et al., 2006). However, Batf3/Rag2/ mice showed a Listeria
organ burden that was only 1/100 of the burden ofRag2/mice.
Thus,Batf3 contributes to Listeria susceptibility independently of
lymphocyte apoptosis.
Although the previous study with CD11c-DTR transgenic mice
suggested no role for CD11c+ cells in hepatic Listeria infection
(Neuenhahn et al., 2006), we found a significantly decreasedpathogen burden in both livers and spleens of Batf3/ mice.
Notably, Batf3/ mice lack hepatic CD103+ DCs (Figure S1D),
consistent with their lack of other peripheral tissue CD103+
DCs (Edelson et al., 2010). To examine liver infection in the
absence of splenic infection, splenectomized WT and Batf3/
mice were infected with L. monocytogenes (Figure S1E). While
confirming that WT splenectomized mice showed extremely
low liver CFUs, previously explained by effects on liver-resident
bone marrow-derived cells (Skamene and Chayasirisobhon,
1977; Pietrangeli et al., 1983), this low level of infection pre-
vented examination of the role of Batf3. Therefore, we used
Listeria ivanovii, a species that selectively infects the mouse liver
without splenic infection (Hof and Hefner, 1988; Frehel et al.,
2003). First, as expected, L. ivanovii failed to establish splenic
infection in both WT and Batf3/ mice (Figure 1D). Batf3/
mice showed 1/10 the level of liver CFUs compared to WT
mice on day 2 after infection, indicating that Batf3 deficiency
also reduces infection by the liver-tropic Listeria species and
suggesting that CD103+ liver-resident DCs contribute to Listeria
infection.
Normal Neutrophil and Type I Interferon Activity
in Batf3–/– Mice during Listeria Infection
Neutrophils are important in controlling early hepatic Listeria
infection, although their role in splenic infection is less clear
(Rogers and Unanue, 1993; Conlan and North, 1994; Czuprynski
et al., 1994). However, the recognition that the monoclonal anti-
body used in these studies (anti-Gr1 [anti-Ly6C and anti-Ly6G],
clone RB6-8C5) also depletes Ly6C+ monocytes has challenged
the interpretation of these reports (Waite et al., 2011). To test
whether resistance of Batf3/ mice was dependent on neutro-
phils, we treated WT and Batf3/ mice with the neutrophil-
depleting monoclonal antibody anti-Ly6G (clone 1A8) prior to
Listeria infection (Figure 2A). Depletion of neutrophils caused
no change in spleen CFUs in either WT or Batf3/ mice at day
3 postinfection, whereas liver CFUs were significantly increased
in both WT and Batf3/ mice.
Mice lacking the receptor for type I interferon paradoxically
show increased resistance to Listeria infection (O’Connell
et al., 2004; Auerbuch et al., 2004; Carrero et al., 2004). poly(I:C)
treatment of WT mice induces type I interferon and increases
susceptibility to Listeria by an unknown mechanism (O’Connell
et al., 2004). Perhaps CD8a+ and CD103+ DCs are a critical
source of type I interferon induced by Listeria infection, and their
absence in Batf3/ mice reduces type I interferon production
after infection, thereby decreasing susceptibility. To test this,
we examined the effect of poly(I:C) treatment on Listeria infection
in Batf3/ mice (Figure 2B), because these mice generate
normal type I interferon responses to poly(I:C) treatment
(McCartney et al., 2009). Batf3/ mice treated with poly(I:C)
showed a 10- to 100-fold increase in pathogen burden on day
3 postinfection compared to saline-treated Batf3/ mice, con-
firming that cells besides CD8a+ and CD103+ DCs can produce
type I interferon after poly(I:C) treatment, such as monocyte-
derived TNF- and iNOS-producing DCs (Tip-DCs) (Dresing
et al., 2010; Solodova et al., 2011). Nonetheless, poly(I:C)-
treated Batf3/ mice were still significantly more resistant to
Listeria compared with poly(I:C)-treated WT mice. To confirm
that infection-induced type I interferon was impeding the controlImmunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc. 237
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Figure 1. Batf3–/– Mice Are Resistant to Listeria Infection
(A) Listeria CFUs per spleen and liver of wild-type (WT) and Batf3/ (KO) mice infected with 2.5 3 104 L. monocytogenes i.v. Circles represent individual mice.
Lines represent the mean log CFU/organ. Four to five mice per group per time point. *p% 0.05.
(B) Survival of mice infected with three different doses of L. monocytogenes i.v. Five mice per group. *p% 0.05.
(C) Histopathology (H&E) of infected spleens and livers frommice 3 days after infection (2.53 104 L. monocytogenes i.v.). Scale bars for spleen represent 200 mm;
scale bars for liver represent 50 mm.
(D) Listeria CFUs per spleen and liver in mice 2 days after infection with the indicated dose of L. ivanovii i.v. Lines represent the mean log CFU/organ. Limit of
detection is 100 CFU/organ. Data are compiled from two independent experiments at each dose (six to eight mice/group). *p% 0.05.
Immunity
CD8a+ DCs Are Required for Listeria Infectionof Listeria in Batf3/ mice, we treated WT and Batf3/ mice
with a blocking IFNAR-1 monoclonal antibody (Sheehan et al.,
2006). Batf3/ mice were infected with a 20-fold higher inoc-
ulum than WT mice to normalize for differential susceptibility.
Blockade of the type I interferon receptor in both WT and
Batf3-deficient mice significantly reduced spleen and liver
CFUs at day 3 postinfection (Figure 2C). Thus, the resistance238 Immunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc.to Listeria infection that develops in Batf3/ mice is indepen-
dent of changes in resistance caused by induction of type I
interferon.
T Cell Priming to Listeria in Batf3–/– Mice
DC depletion in CD11c-DTR transgenic mice abrogated priming
of CD8+ T cells during Listeria infection (Jung et al., 2002), but the
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Figure 2. Neutrophils and Endogenous
Type I Interferon Function Normally in
Batf3–/– Mice during Listeria Infection
(A) Listeria CFUs per spleen and liver 3 days after
infection in WT and Batf3/ (KO) mice. Mice were
treated with rat IgG or Ly6G neutrophil-depleting
antibody i.p. 1 day prior to infection with 1 3 104
L. monocytogenes i.v. Circles represent individual
mice. Lines represent the mean log CFU/organ.
Limit of detection is 100 CFU/organ. Data are
compiled from two independent experiments.
*p% 0.05.
(B) Listeria CFUs per spleen and liver at day 3
postinfection in WT and KO mice. Mice were
treated with saline or poly(I:C) i.v. at the time of
infection with 2.5 3 104 L. monocytogenes i.v.
Lines represent the mean log CFU/organ. Limit of
detection is 100 CFU/organ. *p% 0.05.
(C) Listeria CFUs per spleen and liver at day 3
postinfection in WT and Batf3/ (KO) mice. Mice
were treated with isotype control mouse IgG1
monoclonal antibody or IFNAR-1 antibody i.p.
1 day prior to infection with 2.5 3 104 (WT) or 5 3
105 (KO) L.monocytogenes i.v. Lines represent the
mean log CFU/organ. *p% 0.05.
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CD8a+ DCs Are Required for Listeria Infectionunappreciated reduction in pathogen load in these mice may
have contributed to this defect. Delivering Listeria to DC-
depleted mice via infected macrophages increased the path-
ogen burden and restored priming of CD8 T cells, but their
effector and memory function were not tested (Neuenhahn
et al., 2006). Therefore, we compared T cell memory induced
by Listeria infection in WT and Batf3/ mice by using an adop-
tive transfer system (Figure 3A). Transfer of memory splenocytes
from either WT or Batf3/mice reduced CFUs to 1/100 the level
of recipients of naive splenocytes or no cell transfer. Thus,
Batf3/ mice can generate protective memory T cell response
to Listeria despite the absence of CD8a+ DCs and the reduced
pathogen growth in these mice, although we have not deter-
mined whether the protection is due to CD4 or CD8 memory
T cells.
We used ovalbumin-secreting L. monocytogenes (Lm-Ova)
(Pope et al., 2001) tomeasure T cell priming during primary infec-
tion.Batf3/mice display resistance to this strain of Listeria and
require 100- to 1000-fold greater inocula to generate equiva-
lent splenic bacterial loads (Figure 3B; Figure S2A). CD4 T cell
responses to epitopes of listeriolysin O (LLO190-201) and oval-
bumin (Ova323-339) were normal in Batf3
/ mice infected with
13 105 or 13 106 Lm-Ova when compared to WTmice infected
with 1 3 103 Lm-Ova (Figure 3C). The CD8 T cell response
measured in this assay to Ova257-264 was reduced by approxi-Immunity 35, 236–248mately one-half in Batf3/ mice. Addi-
tionally, Batf3/ mice showed a dose-
dependent increase in the percentage
of Kb-SIINFEKL-pentamer-positive CD8
T cells. One week after infection, an inoc-
ulum of 13 106 Lm-Ova induced a similar
response in Batf3/ mice as seen in WT
mice infected with 1 3 103 Lm-Ova (Fig-
ure 3D; Figure S2B). OT-I T cells showedminimal expansion when transferred into Batf3/mice infected
with 1 3 104 Lm-Ova when compared to that seen in WT mice
infected with this inoculum (Figure 3E; Figure S2C). Infection of
Batf3/ mice with 1 3 106 Lm-Ova, however, resulted in
a more rapid expansion of OT-I T cells compared to WT mice in-
fected with 1 3 104 Lm-Ova. In Batf3/ mice infected with 1 3
106 Lm-Ova, OT-I T cells showed no further expansion at day 7
after infection, but showed a more modest contraction, resulting
in an OT-I T cell population at day 31 similar to that seen in WT
mice infectedwith 13 104 Lm-Ova. Thus, given a sufficient path-
ogen inoculum, we find no absolute requirement for CD8a+ DCs
for priming of CD4 or CD8 T cells to Listeria.
Visualization of Splenic Listeria Infection
in Batf3–/– Mice
We examined the basis for Listeria resistance in Batf3/ mice
via immunofluorescence to localize Listeria organisms and
immune subsets within infected spleens (Figures 4 and 5; Fig-
ure S3). We confirmed that Langerin is a valid marker for identi-
fying CD8a+ DCs within the spleen (Idoyaga et al., 2009). Lan-
gerin staining was observed on a subset of CD11c+ cells in
uninfectedWT spleens within marginal zones and less frequently
in the PALS (Figure 4A). Importantly, no Langerin staining was
observed in Batf3/ mice, despite the maintenance of normal
numbers of CD11c+ cells. We next used Langerin as a marker, August 26, 2011 ª2011 Elsevier Inc. 239
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Figure 3. T Cell Responses to Listeria in Batf3–/– Mice
(A) Listeria CFUs per spleen and liver 3 days after infection in WT mice. Mice received either no cell transfer or the transfer of 20 million splenocytes from either
naive WT mice or WT or Batf3/ (KO) mice that had survived sublethal infection with 1 3 104 L. monocytogenes (day 51 after sublethal infection) 1 day prior to
infection with 2.5 3 104 L. monocytogenes i.v. Circles represent individual mice. Lines represent the mean log CFU/organ. *p% 0.05.
(B) ListeriaCFUs per spleen at day 3 after infection inWT orBatf3/ (KO) mice infected with the indicated dose of Lm-Ova i.v. Lines represent the mean log CFU/
organ.
(C) T cell recall responses at day 8 postinfection in WT or Batf3/ (KO) mice infected with the indicated dose of Lm-Ova measured in an IFN-g ELISPOT assay.
Cells were restimulated with either no antigen, the CD4 epitope LLO190-201, the CD4 epitope Ova323-339, or the CD8 epitope Ova257-264. Mean ± SD.
(D) CD8 T cell responsesmeasured at day 7 or 8 postinfection after the indicated doses of Lm-Ova i.v. inWT orBatf3/ (KO)mice, measured as the percentage of
B220CD4CD8+ T cells showing positive staining with Kb-SIINFEKL-pentamer. Lines represent the mean percentage. Data are compiled from two independent
experiments. (E) OT-I T cell number/spleen at days 3, 7, and 31 postinfection after the indicated doses of Lm-Ova i.v. in WT or Batf3/ (KO) mice. 6 3 105
OT-I+Rag1/CD45.1+ T cells were transferred 1 day prior to infection. OT-I T cells were identified by flow cytometry as Va2 TCR+CD45.1+ cells.
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CD8a+ DCs Are Required for Listeria Infectionfor CD8a+ DCs in WT and Batf3/ mice infected with Listeria
(Figures 4B and 4C; Figures S3A–S3C). In WT mice, at 6 hr after
infection, most Langerin+ DCs had migrated from the marginal
zone to the PALS (68% ± 19%; Figures S3B and S3C). Further-
more, although the majority of Langerin+ DCs of WT mice con-
tained no Listeria organisms, occasional infected Langerin+
DCs were identified (Figures 4B and 4C). In WT mice, 8% ±
3% of Langerin+ DCs colocalized with bacteria and most were
found within the T cell zones (Figures S3B and S3C). At 30 min
and 6 hr after infection, Listeria was largely confined to the red
pulp and marginal zones in both WT and Batf3-deficient mice240 Immunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc.and not within white pulp follicles (Figures 5A and 5B; Figures
S3A, S3C, and S3D). However, at 18 hr after infection in WT
mice, Listeria was present largely within PALS clustered in
regions containing fewT cells but enriched in neutrophils (Figures
5A and 5B, insets 3 and 7). By contrast, in Batf3/mice, Listeria
was excluded from follicular areas (Figure 5A, inset 4), which
retained a normal architecture. In the extrafollicular space,
Listeria and neutrophils were highly colocalized (Figure 5B, inset
8). By 24 hr after infection, 75% of Listeria were found within the
T cell zones inWTmice, whereas only15%were found in T cell
zones inBatf3-deficientmice (Figure S3E). These results suggest
Figure 4. Immunostaining of Splenic Langerin+ DCs and Listeria
(A) Sections of uninfected WT and Batf3/ (KO) spleens were stained for B220 (blue), Langerin (red), and CD11c (green). Arrows indicate cells (yellow)
coexpressing Langerin and CD11c. Dashed lines indicate the border between follicle and red pulp. Numbered regions in low-power views are shown at higher
magnification in the labeled insets. Scale bars represent 200 mm in low-power images and 50 mm in insets.
(B) Sections of infected WT and Batf3/ (KO) spleens were stained for B220 (blue), Langerin (red), and Listeria (green). Arrows indicate Langerin+ cells
colocalizing with Listeria. Scale bars represent 200 mm in low-power images and 50 mm in insets.
(C) Sections of infectedWT spleens were stained as in (B). Shown are three examples of Langerin+ DCs containing Listeria organisms. Scale bars represent 50 mm
in the low-magnification images and 10 mm in medium- and high-magnification images.
Immunity
CD8a+ DCs Are Required for Listeria Infectionthat a migration of infected CD8a+Langerin+ DCs from marginal
zones into white pulp follicles is responsible for transmission
of Listeria to the PALS in WT mice.
Analysis of Splenic Listeria Infection by Flow Cytometry
We used intracellular staining with anti-Listeria polyserum to
characterize infected cell populations in WT and Batf3/ mice
(Figure 6; Narni-Mancinelli et al., 2007; Campisi et al., 2011).
Importantly, no transfer of Listeria-derived antigens occurs
between infected and uninfected cell populations with thisprotocol (Figure S4). In WT mice, higher inocula led to larger
numbers of splenic neutrophils, which became increasingly
positive for intracellular Listeria. At an inoculum of 1 3 106,
neutrophils represented 25% of splenocytes and 2.4% of these
contained intracellular Listeria antigen. At an inoculum of 1 3
107, neutrophils represented 27% of splenocytes, with 22% of
these containing intracellular Listeria antigen. In Batf3/ mice,
these inocula led to much smaller increases in neutrophil abun-
dance, with a corresponding reduction in the abundance of intra-
cellular Listeria antigen. In WT mice, inflammatory monocytesImmunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc. 241
Figure 5. Immunostaining of Splenic Listeria Infection
(A) Sections of WT and Batf3/ (KO) spleens infected at the indicated inocula were harvested at the indicated time after infection and stained for B220 (blue),
CD3e (red), and Listeria (green). Dashed lines indicate the border between follicle and red pulp. Numbered regions in low-power views are shown at higher
magnification in the labeled insets.
(B) Sections of WT and Batf3/ (KO) spleens infected at the indicated inocula were harvested at the indicated time after infection and stained for B220 (blue),
Ly6G (red), and Listeria (green). Dashed lines indicate the border between follicle and red pulp. Numbered regions in low-power views are shown at higher
magnification in the labeled insets.
Scale bars represent 200 mm in low-power images and 50 mm in insets.
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CD8a+ DCs Are Required for Listeria Infectionwere only moderately induced upon Listeria infection (making up
2% to 3% of splenocytes) and were diminished at the highest
dose of infection. Inflammatory monocytes became positive for
intracellular Listeria at increasing inocula, becoming 40% posi-
tive at the highest inoculum. In Batf3/ mice, similar moderate
changes in inflammatory monocyte frequency were observed,
but these cells showed reduced levels of intracellular Listeria
relative to WT mice, consistent with their decreased pathogen
burden.
In WT mice, CD8a+CD205+ DCs showed a steady decrease in
frequency at 18 hr postinfection with increasing inocula of
Listeria (Figure 6C). At intermediate doses, CD8a+ DC frequency
was decreased by approximately one-half and reduced slightly
further at the highest dose of infection. Importantly, at no dose
of infection was there detectible presence of intracellular
Listeria antigen within CD8a+ DCs. In contrast, CD8a DCs
showed no major alteration in frequency but showed a gradual
increase in the percentage of cells harboring intercellular
Listeria with increasing inocula. In Batf3/ mice, the subset of242 Immunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc.CD8a+CD205+ DCs was absent as expected. A small population
of CD8a-expressing DCs remained present in Batf3/ mice,
corresponding to the recently described Batf3-independent
CD8a+CX3CR1+ DC population (Bar-On et al., 2010), which
showed no significant alteration in frequency with infection.
CD8a DCs in Batf3/ mice showed a small amount of intra-
cellular Listeria antigen with increasing dose, again less than
that seen in WT mice.
The reduction in CD8a+ DCs seen in WT mice upon Listeria
infection suggested the possibility that these cells were being
eliminated during infection. To examine for direct infection of
CD8a+ DCs, we used an attenuated L. monocytogenes lacking
LLO, a pore-forming toxin required for the escape of Listeria
from phagosomes into cytosol (Portnoy et al., 1988). Infection
of WT mice with LLO-deficient Listeria showed that CD8a+
DCs were not significantly reduced even at the highest dose of
infection (Figure 7A). A decrease in the level of Langerin expres-
sion on CD8a+ DCs, however, is seen at the highest dose of
infection, consistent with the reported decrease of Langerin
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Figure 6. Flow Cytometry Identifies Listeria-Infected Cells
Flow cytometry ofWT andBatf3/ (KO) splenocytes from uninfected and infectedmice at 18 hr after infection at the indicated inocula was performedwith Listeria
antibody and (A) Ly6C and Ly6G to identify PMNs, (B) Ly6C and CD11b to identify inflammatory monocytes, and (C) CD11c, Ly6C, Ly6G, CD8a, and CD205 to
identify cDCs. Numbers represent the percentage of cells within the indicated gates.
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CD8a+ DCs Are Required for Listeria Infectionexpression upon TLR stimulation of this DC subset in vivo
(Idoyaga et al., 2009). Importantly, despite detection of intracel-
lular LLO-deficient Listeria antigen in neutrophils from infected
WT and Batf3/ mice (Figure 7B), CD8a+ DCs were negative
by flow cytometry for Listeria even at the highest dose of infec-
tion (Figure 7A). CD8a DCs, present in WT and Batf3/ mice,
showed only a slight trend for intracellular Listeria antigen. In
summary, infection of CD8a+ DCs by Listeria can be detected
by microscopy but is below the level of detection by flow cytom-
etry. Together, microscopy and flow cytometry suggest that at
least for high inocula, a substantial fraction of CD8a+ DCs harbor
intracellular bacteria early after infection and appear to be elim-
inated after migration into the PALS.
DISCUSSION
Our results demonstrate that theCD8a+ DC subset is required for
robust infection by intravenously delivered L. monocytogenes
and support a model in which the bacteria initially trapped in
splenic marginal zones gain access into the PALS through infec-
tion of migratory CD8a+ DCs (Neuenhahn et al., 2006; Aoshiet al., 2008, 2009). Whereas systemic treatment of mice with
TLR agonists inducesmigration of CD8a+ DCs to the T cell zones
of the white pulp (Idoyaga et al., 2009), our data demonstrate
pathogen-induced migration of this DC subset. A general
requirement for DCs in establishing splenic Listeria infection
was demonstrated by two studies using models of DC depletion
(Neuenhahn et al., 2006; Kang et al., 2008). Neuenhahn et al.
(2006) correlated the requirement for CD11c+ DCswith preferen-
tial early infection of CD8a+ DCs, speculating that CD8a+ DCs
were required to establish Listeria infection. Our use of Batf3/
mice that selectively lack CD8a+ DCs unambiguously identifies
these cells as the requisite entry point in splenic Listeria infection.
Unlike the study by Neuenhahn et al. (2006), we find that
both spleen and liver infection is dependent on this DC sub-
set, confirming this difference with two pathogen species,
L. monocytogenes and liver-tropic L. ivanovii. We previously re-
ported that CD8a+ DCs, and peripheral tissue CD103+ DCs are
highly related and both are missing in Batf3/ mice (Edelson
et al., 2010). Batf3/ mice lack liver CD103+ DCs, consistent
with their lack of other peripheral tissue CD103+ DCs and we
surmise that hepatic resistance is due to the absence of theseImmunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc. 243
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Figure 7. Flow Cytometry Identifies Cells Infected with LLO-Deficient L. monocytogenes
Flow cytometry of WT and Batf3/ (KO) splenocytes from uninfected and infected mice at 18 hr after infection at the indicated inocula of LLO-deficient
L. monocytogenes was performed with Listeria antibody and (A) CD11c, B220, CD8a, and Langerin to identify cDCs or (B) with Ly6C and Ly6G to identify PMNs.
Numbers represent the percentage of cells within the indicated gates.
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CD8a+ DCs Are Required for Listeria Infectioncells. Conceivably, liver-resident CD103+ DCs would have
access to blood-borne bacteria within the hepatic sinusoids
and may themselves be particularly phagocytic for and/or
susceptible toListeriaormay transport bacteria to the liver paren-
chyma for hepatocyte invasion (Crispe, 2011). Perhaps the differ-
ence between our findings and those of Neuenhahn et al. (2006)
results from incomplete depletion of liver CD103+ DCs after DT
treatment. Incomplete depletion of peripheral tissue CD103+
DCs inCD11c-DTRmicehasbeen reported,with selectivedeple-
tion of CD103CD11b+ tracheal DCs, without depletion of
CD103+CD11b tracheal DCs, after intratracheal DT treatment
(GeurtsvanKessel et al., 2008). This failure to deplete CD103+
tracheal DCs in CD11c-DTR mice was not merely due to
a subset-specific lack of access to intratracheally delivered DT,
because tracheal CD103+CD11bDCs, which express Langerin,
were depleted in intratracheal DT-treated Langerin-DTR mice.
Several studies have examined early Listeria transport within
the infected spleen (Conlan, 1996; Muraille et al., 2005; Aoshi
et al., 2008, 2009). These studies generally agree that the
majority of Listeria are initially trapped within macrophages of
the marginal zone and then migrate to the T cell-rich PALS of
white pulp follicles between 12 and 24 hr postinfection. A recent
study has examined infection of the subcapsular red pulp, where
a minority of Listeria appear to initially infect an unidentified
CD11c+ cell similar in marker expression to both macrophages
and CD8a cDCs (Waite et al., 2011). The significance of this
small amount of splenic red pulp infection relative to the wide-
spread infection of the white pulp is unclear. Migration within
the white pulp occurs only with live Listeria and does not occur
with LLO-deficient mutant bacteria, suggesting that cytosolic244 Immunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc.invasion by the live bacterium is required (Muraille et al., 2005).
Transport to the PALS is pertussis toxin sensitive, indicating
a requirement for cell migration, and gentamicin insensitive, indi-
cating that bacteria are intracellular during this process (Aoshi
et al., 2008). Migration to the PALS is dependent on CD11c+
DCs, evidenced by both a DC depletion strategy via timed
administration of clodronate-containing liposomes and through
the use of CD11c-DTR mice treated with DT (Aoshi et al.,
2008). We now provide clear evidence that this migration to
the PALS is specifically dependent on CD8a+ DCs.
Although these studies have agreed on several aspects of this
infectious process, these reports and others have arrived at con-
flicting results when examining the identity of Listeria-infected
spleen cells during the earliest stages of infection. Conlan
(1996) used direct microscopy to visualize early infection of
marginal zone macrophages and marginal zone DCs and sug-
gested that these cells migrate to the PALS carrying organisms,
but defined these cells onlymorphologically. Muraille et al. (2005)
and Aoshi et al. (2009) have used immunostaining approaches to
identify infected cells. Muraille et al. (2005) found most bacteria
associated with Mac3+ cells with little infection of CD11c+ cells,
at both 1 and 24 hr after infection. Aoshi et al. (2009) utilizedmore
markers to identify phagocyte populations and found bacteria
initially broadly distributed in cells marked as F4/80+ macro-
phages, MOMA+ macrophages, MARCO+ macrophages,
CD11b+ cells (probably PMNs), andCD11c+ cells. Our immunos-
taining experiments with WT mice agree with these results, in
that we see Listeria initially localized largely in the marginal
zone, with only a small number of organisms present in the
PALS at 6 hr after infection. Importantly, our studies improve
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antibody to faithfully identify CD8a+ DCs in situ. With this
approach, we directly visualize infection of CD8a+ DCs in situ
within the PALS at 6 hr after infection. Infection of the PALS
increases dramatically by 18 hr and correlates with a reduction
in the number of CD8a+ DCs. In Batf3/ mice, lacking CD8a+
DCs, however, Listeria do not exhibit migration to the PALS,
and instead are seen associating with collections of PMNs
outside white pulp follicles at 18 hr postinfection.
Four studies have tried to assess early cellular infection by
Listeria by using sort-purified cell populations followed by
measurement of associated live bacteria. Muraille et al. (2005)
found that at 24 hr after an inoculum of 1 3 105 Listeria, most
bacteria were contained within CD11bhi cells, probably in
PMNs and monocytes, being approximately 6 bacteria/1000
CD11bhi cells, but only 0.5 bacteria/1000 CD11chi cells. Neuen-
hahn et al. (2006) reported conflicting data, claiming that PMNs
contained very few bacteria, but that CD8a+ DCs contained
significant numbers of bacteria. CD8a+ and CD8a were as-
sessed separately, whereas Muraille et al. (2005) used only
a CD11chi gate for DCs. Mitchell et al. (2011) reported similar
levels of infection of the CD8a+ DC, CD4+ DC, and CD8aCD4
DC subsets, in contrast to Neuenhahn et al. (2006), but did not
examine PMNs. And finally, Campisi et al. (2011) used an atten-
uated GFP-expressing SecA2 mutant strain of Listeria at various
times after an inocula of 13 106 or 13 107 Listeria, finding one to
three bacteria per single GFP+CD8a+ DC, but did not report the
fraction of total CD8a+ DCs that were infected.
Three previous studies used flow cytometry to identify in-
fected cells during early Listeria infection. Muraille et al. (2007)
used a GFP-expressing Listeria and reported that there was
a broad distribution of infection cell types including macro-
phages, PMNs, monocytes, and DCs. In addition, infection
was observed to cause a reduction in the total numbers of
CD11chi DCs. Narni-Mancinelli et al. (2007) reported that use
of anti-Listeria polyserum detected live organisms, but only
examined inflammatory monocytes in this analysis. Campisi
et al. (2011) used an attenuated GFP-expressing SecA2 mutant
strain of Listeria and reported rare infection of CD8a+ DCs
(0.66%), CD8a DCs (0.063%), monocytes (0.27%), and PMNs
(0.13%) at 10 hr after infection with 1 3 107 bacteria. Their use
of an attenuated strain could have allowed infected CD8a+
DCs to survive, whereas virulent bacteria, such as used in our
study, might have eliminated CD8a+ DCs. The low rate of infec-
tion seen in monocytes and PMNs may reflect very efficient
killing of the mutant bacteria by these phagocytes.
Our data based on intracellular staining (Narni-Mancinelli
et al., 2007) agree with results based on infection with GFP-
expressing Listeria (Muraille et al., 2007). We observe significant
infection of PMNs and inflammatory monocytes, but with much
less frequent infection of DCs. We find rare infection of CD8a+
DCs microscopically 6 hr after high-dose infection, but we
were unable to detect infection of CD8a+ DCs by flow cytometry
by 18 hr after infection with 1 3 107 Listeria. Our results suggest
that even rare infection of CD8a+ DCs allows the spread of
Listeria from the marginal zone into the PALS, where unimpeded
bacterial replication occurs.
In summary, this study demonstrates that CD8a+ DCs are
a required point of entry for productive L. monocytogenes infec-tion. Relative to other phagocytes, such as neutrophils, macro-
phages, and CD8a DCs, CD8a+ DCs are efficient in antigen
cross-presentation in part because of their delayed phagosomal
acidification (Savina et al., 2009). Conceivably, this delay causes
an intrinsic susceptibility of CD8a+ DCs to Listeria, relative to
other phagocytes. This limitation of efficient cross-presentation
to a small subset of DCs may be an immune strategy to protect
a majority of antigen-presenting cells from pathogens like
Listeria that could co-opt cross-presentation as part of a
program of pathogenesis.
EXPERIMENTAL PROCEDURES
Mice
Wild-type 129S6/SvEv, Rag2/ (129S6/SvEv background), C57BL/6, and
B6.SJL mice were purchased from Taconic. OT-I TCR transgenic Rag1/
mice (Taconic, C57BL/6 background) were crossed to B6.SJL mice to result
in OT-I TCR transgenic/Rag1/CD45.1 mice. 129S6/SvEv Batf3/ mice
(Hildner et al., 2008) were used for all experiments except those involving
the transfer of OT-I TCR transgenic T cells, which utilized C57BL/6 Batf3/
mice (10 generation backcross). Experiments were performed with sex-
matched mice at 8–20 weeks of age. Mice were bred and maintained in our
specific pathogen-free animal facility according to institutional guidelines
with protocols approved by the Animal Studies Committee of Washington
University.
Listeria Infection
L. monocytogenes (wild-type strain EGD, listeriolysin O [LLO]-deficient strain
EJL1, and Lm-Ova, the latter two being gifts from H. Shen, University of
Pennsylvania, Philadelphia, PA, USA) and L. ivanovii (strain ATCC 19119)
were used in this study. Listeria was stored as glycerol stocks at 80C and
diluted into pyrogen-free saline for i.v. injection into mice. To determine organ
Listeria burden, spleens and livers were homogenized separately in PBS plus
0.05% Triton X-100. To quantitate Listeria in the blood, 50 ml of blood was
mixed with 50 ml of PBS plus 0.1%Triton X-100. Serial dilutions of homogenate
were plated on brain heart infusion agar, and bacterial CFUs were assessed
after overnight growth at 37C. In some experiments, small portions of spleens
and livers were fixed in 10% formalin and stained with hematoxylin and eosin
(H&E) or embedded in OCT freezing compound (Fisher Scientific).
For in vivo neutrophil depletion, mice were injected i.p. with 500 mg 1A8
monoclonal Ly6G antibody (BioXcell) 1 day prior to infection (Daley et al.,
2008). Control mice received rat IgG (Sigma). For in vivo induction of type I
interferon, mice were injected i.v. with 250 mg poly(I:C) (Amersham Biosci-
ences) at the time of infection (O’Connell et al., 2004). Control mice received
saline. For in vivo blockade of the type I interferon receptor, mice were injected
i.p. with 2.5 mg MAR1-5A3 monoclonal IFNAR-1 antibody 1 day prior to infec-
tion (Sheehan et al., 2006). Control mice received isotype-matched irrelevant
GIR.208 monoclonal antibody (mouse IgG1).
Splenocyte Transfers and Splenectomy
Cell transfer experiments were performed with splenocytes taken from naive
mice or from mice that had recovered from a sublethal primary Listeria infec-
tion (day 51). Twenty million splenocytes were injected i.v. 1 day prior to
Listeria infection. For experiments involving splenectomized mice, Listeria
infection was performed 4 weeks after surgery.
Assessment of T Cell Responses
IFN-g ELISPOT assays were performed with the mouse IFN-g ELISPOT anti-
body pair from BD Biosciences on Multiscreen Filter Plates from Millipore.
Splenocytes were plated at 2.5 3 105 cells/well in triplicate and stimulated
with either no antigen or 10 mM of one of the following peptides in complete
media: LLO 190-201 (from the Listeria protein LLO), Ova 323-339, or Ova
257-264 (SIINFEKL). Plates were developed after 16 hr of stimulation at
37C, and spots were counted on an Immunospot counter (Cellular Tech-
nology Ltd.). Assessment of CD8 T cells specific for Kb-SIINFEKL was per-
formed by flow cytometry with APC-conjugated Kb-SIINFEKL pentamersImmunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc. 245
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transgenic/Rag1/CD45.1 mice by magnetic bead sorting by positive selec-
tion with anti-CD90.2 microbeads on LS columns (Miltenyi) and subsequently
labeled with 5 mMCFSE for 8 min at room temperature. Mice received 63 105
OT-I T cells by intravenous injection 1 day prior to Listeria infection. At various
times postinfection, OT-I T cells, identified as Va2 TCR+CD45.1+ cells, were
quantified in spleens and analyzed for their CFSE content by flow cytometry.
Immunofluorescent Microscopy
Alexa Fluor 488 anti-B220 (RA3-6B2) and biotin anti-CD3e (145-2C11) were
purchased from BD Biosciences. Biotin anti-CD207/Langerin (ebioL31) and
Alexa Fluor 647 anti-CD11c (N418) were purchased from eBioscience. Strep-
tavidin Alexa Fluor 555 and Alexa Fluor 647 goat anti-rabbit IgG (H+L, highly
absorbed) were purchased from Invitrogen. Rabbit anti-Listeria O Antiserum
(polyserum, Types 1 & 4) was purchased from BD Diagnostics. Ly6G (1A8)
was purchased as purified antibody from BioXcell and conjugated to biotin
with EZ-Link Sulfo-NHS-LC-LC biotin (Pierce).
10 mm frozen sections of spleen were fixed in acetone at 4C for 15 min,
washed twice in Dulbecco’s PBS (DPBS), blocked with CASBlock (Invitrogen),
stained with primary and secondary reagents diluted in CAS Block, and
mounted with ProLong Gold Antifade reagent containing DAPI (Invitrogen).
Four-color epifluorescence microscopy was performed with an Olympus
BX51microscope equipped with a SPOT RT camera (Spot Imaging Solutions).
Monochrome images were pseudo-colored as 24-bit RGB images with SPOT
RT camera software and exported into Adobe Photoshop. Langerin+ DC-
Listeria colocalization at 6 hr after infection was assessed by manual counting
of bacteria and Langerin+ DCs in digital photographs of multiple 2003 fields of
view. Each view included a profile of a single medium-sized white pulp follicle.
Quantitation of Listeria localization to different splenic compartments at 30min
and 24 hr was performed as described (Aoshi et al., 2009).
Flow Cytometry
The following antibodies were purchased from BD Biosciences: FITC-anti-
B220 (RA3-6B2), PE-Cy7 anti-CD8a (53-6.7), PE-Cy7 anti-CD11b (M1/70),
PerCP-Cy5.5 anti-CD8a (53-6.7), V450 anti-B220 (RA3-6B2), and V450 anti-
Ly6C (AL-21). APC eFluor 780-anti-CD11c (N418), APC Alexa Fluor 750-anti-
CD45.1 (A20), and APC anti-CD45.2 (104) were purchased from eBioscience.
PE anti-Ly6G (1A8) and APC anti-CD205/DEC205 (NLDC-145) were pur-
chased from Miltenyi. PE anti-CD4 was purchased from Caltag (RM2504).
PE anti-Va2 TCR (B20.1) was purchased from Invitrogen. Alexa Fluor 488-
anti-CD207/Langerin (929F3.01) was purchased from Imgenex. Rabbit anti-
Listeria O Antiserum (polyserum, Types 1 & 4) was purchased from Fisher
Scientific.
Spleens were digested in 5 ml of Iscove’s Modified Dulbecco’s Media (Invi-
trogen) containing 5% fetal calf serum (HyClone) and 0.02% sodium azide with
250 mg/ml collagenase B (Roche) and 30 U/ml DNase I (Sigma) for 1 hr at 37C
with stirring. Livers were digested in 4 mg/ml collagenase D (Roche) and
30 U/ml DNase I. EDTA (5 mM final concentration) was added to cell suspen-
sions, and cells were incubated on ice for 5 min. Cells were then passed
through an 80 mm strainer prior to red blood cells lysis with ACK lysis buffer.
Cells were counted on a Vi-CELL Analyzer (Beckman-Coulter), and 2–5 3
106 cells were used per antibody staining reaction.
Staining was performed at 4C in the presence of Fc Block (clone 2.4G2, BD
Biosciences or BioXcell) in FACS buffer (DPBS + 0.5% BSA + 2 mm EDTA +
0.02% sodium azide). For experiments involving intracellular anti-Listeria or
anti-Langerin staining, cells were surface antibody stained prior to fixation in
4% formaldehyde (Thermo Scientific) for 15 min at room temperature. Cells
were subsequently permeabilized (DPBS + 0.1% BSA + 0.5% saponin) for
5 min at 4C and stained in the same permeabilization buffer with Listeria or
Langerin antibodies. For anti-Listeria staining, secondary staining was per-
formed in the permeabilization buffer with Alexa Fluor 488 goat anti-rabbit
IgG (H+L) (Invitrogen). Cells were washed twice in permeabilization buffer
before returning them to FACS buffer. Flow cytometry was performed on
a FACSCantoII (BD Biosciences).
Statistical Analysis
Differences in CFUs between groupswere analyzed by theMann-Whitney test,
and differences in survival were analyzed with the logrank test (GraphPad246 Immunity 35, 236–248, August 26, 2011 ª2011 Elsevier Inc.Prism, GraphPad Software, Inc.). p values less than or equal to 0.05 were
considered significant.
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